Obesity and chronic pain are two major diseases of the 21th century. Our principal objective was to investigate the effects of a 4-week rehabilitation program on adiponectin and leptin concentrations, and insulin resistance, in patients with abdominal obesity and chronic pain syndrome. Our secondary objectives were to investigate the effects of this program on pain, body mass index (BMI), waist circumference and maximal oxygen consumption (VO2max) and to compare changes in VO2m-ax between patients with or without insulin resistance. Among a consecutive sample of 128 patients with abdominal obesity hospitalized for rehabilitation for a chronic pain syndrome, 111 completed the protocol, which was a 4-week rehabilitation program including 6 hr of rehabilitation per day, 5 days per week, in a referral center of rehabilitation. This prospective cohort study compared clinical (BMI, waist circumference, VO2max, pain) and biological measures (concentrations of adiponectin, leptin and insulin, score of homeostasis model assessment of insulin resistance [HOMA]) before and after the program. Plasma leptin, adiponectin and insulin concentrations (P < 0.0001) and score of HOMA (P= 0.0002) had decreased significantly by the end of the 4 weeks. Pain, BMI and waist circumference decreased significantly, and VO2max improved significantly (P= 0.0001). Patients with insulin resistance had less improvement of their aerobic condition at the end of the 4 weeks (P< 0.002). The rehabilitation program decreases the concentration of leptin, and improves insulin sensitivity in patients with chronic pain and visceral obesity. Aerobic recovery was worse for patients with insulin resistance than other patients.
INTRODUCTION
Obesity and chronic pain are two major diseases of the 21th century. Epidemiological studies show that the body mass index (BMI) of the general population has been increasing since 1990 (De Saint Pol, 2008) . Our understanding of the pathophysiology of obesity has been improving, and it is now clear that the complications of obesity can be classified into two main groups (Ciangura and Poitou-Bernet, 2011): (a) mechanical and hemodynamic factors: high articular load, poor pulmonary compliance, abdominal hyperpression, higher than normal cardiac output; (b) biological factors: adipokines, functional hypercortisolism, insulin resistance and inflammatory syndrome.
Because of the complexity of this disease, the medical care of obesity needs to be multidisciplinary, and to include physical activity, improved diet, and psychological support (Ghroubi et al., 2009 ). This approach leads to weight loss (Garrow and Summerbell, 1994; Ghroubi et al., 2009) , reduction of cardiovascular risk factors (Ghroubi et al., 2009; Fagard, 1999; Kelley et al., 2001) , reduction of metabolic disorders (Kelley et al., 2005) and reduction of psychological and functional problems (Ghroubi et al., 2009; Maciejewski et al., 2005) . Furthermore, musculoskeletal pain is more common in obese patients (Viester et al., 2013 ). It's usual to propose rehabilitation program to patients with chronic pain syndrome, especially when a long duration of work incapacity is associated (Poiraudeau et al., 2007) . In the rehabilitation center of the hospital of Château-Renault, we are used to take care of obese patients with chronic pain syndrome (low back pain, nonspecific musculoskeletal pain of the upper limb, or diffuse chronic pain syndrome). So, we asked whether our rehabilitation program improves metabolic complications of obesity, in these patients with chronic pain syndrom. In the general population, physical activity reduces cardiovascular risk, helps prevent diabetes, neoplasia, hypertension, depression and osteoporosis, and reduces the risk of early mortality (Katzmarzyk and Lear, 2012) . There are numerous studies on the effect of exercise interventions on metabolic changes in obese patients, and most of them found that physical activity had small effects on cholesterol disorders, insulin concentrations or inflammatory syndrome in obese populations, but did not conclude about whether physical activity had an independent effect (Golbidi and Laher, 2014; Katzmarzyk and Lear, 2012) . There is no study about the effect of exercise intervention on metabolic changes in obese patients with chronic pain syndrome.
Our hypothesis was: rehabilitation program by obese patients with chronic pain syndrome leads to an improvement of the adipokine profile (decrease of leptin and increase of adiponectin concentrations), a reduction of insulin resistance and an improvement of aerobic capacity.
Our main aim was to evaluate changes in plasma concentrations of leptin, adiponectin, and insulin concentration after a 4-week rehabilitation program. Our secondary objectives were:
• to evaluate changes in maximal oxygen consumption (VO2max), weight, BMI, and waist circumference, pain • to investigate correlations between the changes in the various clinical and biological measures • to compare changes in VO2max between patients with or without insulin resistance.
MATERIALS AND METHODS

Design
The design of research was a cohort study.
Population
All patients with abdominal obesity (i.e., waist circumference >88 cm for women and 102 cm for men) hospitalized for rehabilitation for a chronic pain syndrome in the Physical Medicine and Rehabilitation unit of the Château-Renault hospital between 1st February 2011 and 31st May 2012 were included in the study. These patients were referred by general practitioner, rheumatologist, or orthopedist surgeon to the unit of physical medicine and rehabilitation (PMR), and had a consultation before hospitalization to confirm the indication of a rehabilitation program or to exclude patient in case of contraindication. The inclusion criteria were: waist circumference ≥88 cm for women and 102 cm for men, age between 18 and 60 years, rehabilitation for chronic pain syndrome (low back pain, nonspecific pain of upper limb, or diffuse chronic pain syndrome). No patient was excluded, according to the criteria for admission to the unit. All participants gave written informed consent to the referent doctor of PMR unit. Data were processed in conformity with the recommendations of the CNIL (the French Commission for Information Technology and Civil Liberties). The study involved no changes to the assessments routinely performed in the unit.
Methods
All subjects underwent the same initial and final assessment in the unit (at the start of hospitalization, and at the end of the 4-week rehabilitation program). The data collected were:
• Weight, height, and BMI calculation • Waist circumference • Glycemia on an empty stomach • Radio-immunological measure of leptin and adiponectin concentrations in blood (by the Laboratory of Nuclear Medicine of the University Hospital of Tours) • Radio-immunological measure of insulin concentration (by the Laboratory of Biochemistry of the University Hospital of Tours).
• Calculation of homeostasis model assessment of insulin resistance (HOMA).
• Highest value of VO2 and maximal power collected during a cycloergometer exercise test with VO2max measurement. The test was progressive starting at 30 W and increasing in 30-W increments lasting 3 min each, until failure, using a Cardio-control Ergometer (ELMED, Augsburg, Germany), and VO2max measurement using a MedGraphics Cardiorespiratory Diagnostic System (Cardio-MedGraphics Cardiorespiratory Diagnostic System GmbH, Braunsfels, Germany) gas exchange analyser.
• Evaluation of pain by analogic visual scale (AVS) • All patients underwent a 4-week rehabilitation program, including 6 hr of rehabilitation per day, 5 days per week, involving • Six muscular strengthening exercises individually created using one-repetition maximum (1RM), with a progressive in-crease of the difficulty (50% of 1RM the 2 first weeks, 75% the third week and 100% the last week) • 1 hr of aerobic training: with monitoring of pulse between 60% and 80% of maximal theoretical heart rate, which is calculated with the equation: 220-age • 1 hr of stretching • 30 to 45 min of occupational therapy • One appointment with a dietetician who gives some advices to patients. Patients had a normocaloric diet during hospitalization. The objectives of this rehabilitation are to improve aerobic capacities, strength, flexibility, and management of pain, and to help patients return to work. We compared patient characteristics before and after rehabilitation.
Subgroup analysis
We compared changes in aerobic capacities between patients with or without insulin resistance.
Statistical analysis
Student t-tests were used for comparisons of quantitative values for populations of more than 30 patients (mean values of adipokines and insulin concentrations before and after rehabilitation, mean values of VO2max, maximal power before and after rehabilitation, and mean values of pain and anthropometric measures before and after rehabilitation), and Wilcoxon tests were used for populations of less than 30 patients (comparison between patients with or without insulin resistance). Correlations between the variations of quantitative measures were studied using a Statview correlation test. A difference was considered to be statistically significant if P<0.05.
Data for the patients excluded from the study (those not completing the protocol) were not included in the analyses.
RESULTS
Population
Of the 128 patients initially assessed, 111 (41 men, 70 women) completed the study protocol (mean age, 43.3 years; mean BMI, 31.2 kg/m 2 ; mean duration of sick leave, 11.6 months; mean weight gain during sick leave, 6.8 kg; mean pain measured by AVS, 50.47 mm) (Fig. 1 ).
Adipokines and insulin resistance
Leptin, adiponectin, and insulin concentrations (P<0.0001) were all significantly lower and the HOMA score was lower (P=0.0002) after than before the rehabilitation program (Table 1) . At the start of the program, 28 patients had insulin resistance (HOMA score>2.4) versus 19 patients at the end of the program (Table 2 ). There was a significant correlation between leptin and adiponectin changes (r=0.22, P<0.03). There was no correlation between the other biological endpoints.
Clinical endpoints
Both BMI (P=0.0001) and waist circumference (P=0.0001) were significantly lower after than before the 4-week rehabilita- tion program (Table 3 ). Both VO2max (P=0.0001) and maximal power (P=0.0001) were significantly increased (Table 4 ). There was no correlation between the changes in clinical and biological endpoints. There was no correlation between the changes in pain and the changes in BMI or waist circumference (Table 5) . Pain was significantly decreased after the 4-week rehabilitation program (P=0.0001). There was no correlation between the changes in pain and biological endpoints (Table 5 ).
Subgroups analysis
We noted a significant difference in the VO2max change between patients with or without insulin resistance: the mean increase of VO2max was 3.48 mL/kg/min in patients without insulin resistance (n=83) versus 0.65 mL/kg/min for patients with insulin resistance (n=28) (P<0.002), independently of weight differences between the two groups.
DISCUSSION
Key results
We found that a 4-week rehabilitation program significantly decreased circulating leptin and insulin concentrations in obese patients with chronic pain syndrome, i.e., that the program improved metabolic disorders associated with obesity. However, circulating adiponectin concentrations also decreased. There were significant decreases of pain, BMI, and waist circumference, and a significant improvement of aerobic capacity after the rehabilitation program.
Study limitations
Most of the patients included had a BMI <35 kg/m 2 , so our study is mostly uninformative about morbidly obese patients.
Our study has several technical limitations: we determined total adiponectin concentration, and did not consider the different isoforms and their relative abundance. We estimated insulin resistance using the HOMA score, which is better than the insulin concentration alone, but inferior to euglycemic clamping or intravenous glucose tolerance tests (Raynaud et al., 1998) .
Finally, our study considered the effects of physical activity immediately after the rehabilitation program, but does not provide any information about subsequent or long-term effects of the rehabilitation program on adipokine concentrations and insulin resistance.
Interpretation
Effects on leptin concentration
The effect of physical activity on leptin concentrations has been studied in both trained or sedentary subjects, and results depend on age, sex, characteristics of population and training (intensity, duration, and modality for example), but most studies on obese people conclude that physical activity decrease leptin concentrations (Bonora et al., 2002; De Luis et al., 2008; Golbidi and Laher, 2014; Loria-Kohen et al., 2013; Zaccaria et al., 2013) . Changes in leptin concentrations after short periods of training (less than 12 weeks) seem to be modulated by various factors. These factors include initial metabolic status: physical activity decreases leptin concentrations especially in diabetic patients (Barwell et al., 2008) . De Luis et al. (2008) suggest that weight loss mat contribute to explaining the decrease of leptin concentrations after training. Modalities of training and energy expenditure also plays a role in the variation of leptin concentrations (Zaccaria et al., 2013) . However, in our study, we did not find any correlation between changes in leptin concentration and weight loss.
Effects on adiponectin concentration and insulin sensitivity
Many studies involving various training protocols (different intensities, durations, and types of exercises) and populations have found an improvement of insulin sensitivity after physical activity (Boudou et al., 2003; Christiansen et al., 2010; Hulver et al., 2002; Kriketos et al., 2004; Lim et al., 2008) . Several mechanisms have been proposed to explain this effect: increased intracellular insulin signaling (Dela et al., 1993) , increased glucose-bind- Values are presented as mean± standard deviation. VO2max, maximal oxygen consumption; NS, not significant; TMHR, theoretical maximal heart rate (TMHR= 220-age). ing protein availability (Dela et al., 1994) , increased glycogenesis enzyme activity and hexokinases activity (Ebeling et al., 1993) , decreased release and increased clearance of free fatty acids (Ivy et al., 1999) , increased glucose distribution to muscle, and modification of muscle composition (Andersson et al., 1998) . Several studies addressed the changes in adiponectin concentrations after physical activity, and the results reported are divergent: some studies found no change in adiponectin concentrations after training (Ando et al., 2009; Boudou et al., 2003; Coker et al., 2009; Hulver et al., 2002; Yokoyama et al., 2004) , whereas some found increases and others decreases of adiponectin concentrations (Christiansen et al., 2010; Kriketos et al., 2004; Lim et al., 2008; Oberbach et al., 2006; Rokling-Andersen et al., 2007) . Most of the authors agree that there is no correlation between changes in adiponectin concentration and insulin sensitivity; this strongly suggests that the improvement in insulin sensitivity associated with physical activity does not depend on changes in adiponectin concentration. Note however that most of these studies (including ours) considered only the overall total adiponectin concentration, without individualizing values for the several different isoforms. Recent studies in mouse and humans (Fisher et al., 2005; Pajvani et al., 2004) suggest that the proportions of high molecular weight and low molecular weight adiponectin are more relevant than overall adiponectin concentration alone to determining insulin sensitivity. A few studies, with small sample sizes, looked for the effects of physical activity on high molecular weight adiponectin concentration, but did not find any such effect (Guo et al., 2011; Magkos et al., 2010; Numao et al., 2011) .
We also found that the improvement of aerobic capacity was smaller for patients with insulin resistance than patients without insulin resistance. Presumably, skeletal muscle metabolic disorders and abnormalities of fat metabolism, usually found in patients with insulin resistance, impede the improvement of aerobic capacity during the rehabilitation program, such that it is slower than patients without metabolic abnormalities. Skeletal muscle contains less type I oxidative fibers and more type II fibers (less sensitive to insulin) in patients with type 2 diabetes and in obese patients than in normal healthy subjects, (Holmäng et al., 1993; Pérez-Martin et al., 2001) . Moreover, insulin resistance is responsible for glycogen storage disorders and abnormal glucose use by skeletal muscle (Damsbo et al., 1991; Golay and Felber, 1994; Pérez-Martin et al., 2001) . The oxidative pathway is also impaired in patients with insulin resistance: creatine kinase activity and glycolytic capacity are abnormally high in skeletal muscle, leading to an increase of anaerobic metabolism (Simoneau et al., 1995) . In obese patients, insulin resistance correlates with high glycolytic activity and low activity of oxidative enzymes, including pyruvate dehydrogenase (Simoneau et al., 1995) ; also, the oxidative capacity of lipids is low (Pérez-Martin et al., 2001; Ranneries et al., 1998) , although the mechanism is unknown. All these observations contribute to the explanation of the poor recovery of aerobic capacity in patients with insulin resistance. Further studies are needed to explore this finding. In particular, it would be useful to determine whether patients with insulin resistance need a longer rehabilitation programs to recover sufficient aerobic capacity and correct aerobic deconditioning, which exists in patients with chronic pain syndromes.
Chronic pain and obesity: what about clinical impacts?
Numerous pathways exist between chronic pain and obesity (Fig. 2) . Obesity is known to be a risk factor to develop musculoskeletal pain (Viester et al., 2013) , and deconditioning syndrome in patient with chronic pain often results in behavioral changes which contributes to weight gain. Moreover, obesity (by insulin resistance) and chronic pain (by deconditioning) results in changes in metabolism of muscles. Some links have been found between osteoarthritis, pain and adipokines (Bas et al., 2014; Perruccio et al., 2014) . Some authors found impairment of hypothalamic-pituitary-adrenal axis in patients with chronic pain (Aloisi et al., 2011; Tennant, 2015) , which can contribute to weight gain.
Relations between obesity and chronic pain are very complicated, and it will be very difficult to prove whether exercise only can improve pain and/or metabolic changes linked to obesity. Yet, exercise can improve more of the pathways between obesity and chronic pain: insulin resistance, adipokine concentrations, metabolism of muscle, syndrome of inactivity, pain, cognitive and behavioral disorders, etc. To our mind, both medical care of obesity and chronic pain have to be multidisciplinary and must include physical exercise.
It's very difficult for these patients, who are obese and have chronic pain to reconnect with sports, and rehabilitation program is an interesting way.
Clinical messages
• Four weeks of rehabilitation decreases leptin concentration, insulin resistance, BMI, and improves aerobic capacities in patients with abdominal obesity and chronic pain syndrome.
• Patients with insulin resistance may need a longer rehabilitation program to recover sufficient aerobic capacity.
• Numerous pathways exist between obesity and chronic pain. A multidisciplinary approach is necessary and must include physical exercise.
